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Following  the  discovery  of  type-11  high-temperature  supercon¬ 
ductors  in  1986  (refs  1,2),  work  has  proceeded  to  develop  these 
materials  for  power  applications.  One  of  the  problems,  however, 
has  been  that  magnetic  flux  is  not  completely  expelled,  but  rather 
is  contained  within  magnetic  fluxons,  whose  motion  prevents 
larger  supercurrents.  It  is  known  that  the  critical  current  of  these 
materials  can  be  enhanced  by  incorporating  a  high  density  of 
extended  defects  to  act  as  pinning  centres  for  the  fluxons^’^. 
YBa2Cu307  (YBCO  or  123)  is  the  most  promising  material  for 
such  applications  at  higher  temperatures  (liquid  nitrogen) 
Pinning  is  optimized  when  the  size  of  the  defects  approaches  the 
superconducting  coherence  length  (~2-4nm  for  YBCO  at  tem¬ 
peratures  <77  K)  and  when  the  areal  number  density  of  defects  is 
of  the  order  of  (H/2)  X  lO^^cm”^,  where  H  is  the  applied 
magnetic  field  in  tesla^’^.  Such  a  high  density  has  been  difficult 
to  achieve  by  material-processing  methods  that  maintain  a 
nanosize  defect,  except  through  irradiation^.  Here  we  report  a 
method  for  achieving  a  dispersion  of  ~8-nm- sized  nanoparticles 
in  YBCO  with  a  high  number  density,  which  increases  the  critical 
current  (at  77  K)  by  a  factor  of  two  to  three  for  high  magnetic 
fields. 

The  flux  pinning  enhancement  of  type  II  superconductors  with 
defects  have  been  studied  in  both  copper-oxide  high-  and  low- 
temperature  superconductor  materials^’^’^^.  An  areal  number  den¬ 
sity  of  second-phase  defects  of  over  lO^^cm”^  was  previously 
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achieved  in  NbTi  type  II  low-temperature  superconductors  to 
increase  the  critical  current,  (ref.  14).  Dislocations  are  one  class 
of  defects  in  YBCO  (hereafter  referred  to  as  123)  reportedly 
achieved  in  thin  films  with  densities  varying  from  lO^-IO^^  cm~^, 
depending  on  the  deposition  parameters^^’^^.  Dislocations  were 
shown  to  be  directly  responsible  for  pinning  in  thin  films^^,  but 
their  density  is  still  less  than  what  is  desired  for  complete  flux 
pinning  in  the  regimes  of  2-6  T  (refs  15,  16).  To  our  knowledge,  a 
density  of  second-phase  defects  exceeding  lO^^cm”^  has  not  yet 
been  achieved  for  YBCO.  In  addition  to  high  defect  density,  it  is 
desirable  to  minimize  the  defect  size,  which  maximizes  the  super¬ 
conducting  volume  and  allows  a  higher  areal  defect  density  to  be 
reached. 

In  this  work,  second-phase  YBa2Cu05  (hereafter  referred  to  as 
21 1)  particles  of  nanometre  size  were  introduced  by  growth  of 
alternating  multilayers  of  ultrathin  21 1  and  123.  Microscopy  studies 
in  Figs  I  and  2  reveal  a  near-uniform  dispersion  of  second  phase  2 1 1 
nanoparticles  grown  by  the  island-growth  mode  in  YBCO,  demon¬ 
strating  consistent  epitaxial  growth  of  YBCO  around  the  21 1  islands 
for  up  to  200  bilayers.  The  island-growth  mechanism  is  expected  for 
the  (2II/I23)  X  N  multilayer  system,  where  N  is  the  number  of 
bilayers,  because  the  lattice  mismatch  of  2 1 1  with  respect  to  123  is  of 
the  order  of  2%-7%,  depending  on  the  growth  orientation  of  21 1 
with  respect  to  123.  For  one  film  analysed  with  electron  selected  area 
diffraction,  the  growth  orientation  was  211  b  axis// 123  c  axis,  and  the 
lattice  mismatches  calculated  from  reference  patterns  were,  for  lattice 
Constantsa, and c: a 21 1/2  X  (a,/7)avgi23  =  —  7.4%, where (a,/7)avgi23 
is  the  average  of  a  and  b  in  123;  C211,  rip-45°/(^5^)avgi23  =  +4.5%, 
where  C211,  rip-45°  is  c  rotated  45°  in  the  plane;  and  b2ii/ci23  =  +4.5%. 
Other  growth  orientations  might  be  possible,  but  they  have  not  yet 
been  observed.  A  large  lattice  mismatch  favours  the  growth  of  island 
nanoparticles,  because  deposition  is  preferred  on  energetically 
favourable  island-nucleated  phases  rather  than  the  lattice- 
mismatched  substrate  or  base  layer^^. 

As  shown  in  Fig.  2,  the  growth  of  (21 1 -nanoparticle/ 123- 
film)  X  N  multilayer  films  produced  a  superlattice-type  structure 
with  the  21 1  layers  deposited  as  nanoparticles  rather  than  homo¬ 
geneous  epitaxial  layers.  A  repeating  (nanoparticle/film)  structure 
has  been  achieved  with  semiconductor  materials  that  are  described 
as  three-dimensional  quantum-dot  or  binary  superlattices  or  crys¬ 
tals  however,  to  our  knowledge,  this  type  of  structure  has  only 
been  recently  explored  by  our  group  in  superconductors  with  initial 
experiments  testing  the  (21 1/ 123)  X  N  structure  with  N  bilayers  up 
to  100  (ref.  21).  An  advantage  of  the  (2II/I23)  XN  structure 
for  flux  pinning  is  that  it  is  possible  to  have  some  degree  of  control 
over  the  nanoparticle  dispersion  parameters,  for  example,  by 
changing  the  21 1  deposition  conditions  and  varying  the  123  layer 
thickness.  These  films  can  also  provide  a  good  experimental 
structure  to  test  theories  of  flux  pinning  in  high-temperature 
type  II  superconductors  for  uniform  dispersions  of  point-like 
defects^^. 

Thin  film  samples  were  prepared  by  pulsed  laser  deposition 
(PLD)  under  conditions  described  previously^ k  Layers  of  123  and 
21 1  nanoparticles  were  deposited  by  ablation  of  separate  123  and 
21 1  composition  targets,  using  parameters  chosen  to  optimize 
superconducting  properties  of  the  123  phase^^.  The  O2  deposition 
pressure  was  300mTorr.  Unless  noted  otherwise,  the  composite 
films  were  deposited  by  computer  program  control  of  the  laser  and 
automated  control  of  target  movement.  A  delay  of  about  13  s  was 
used  between  123  and  21 1  depositions,  during  which  the  deposition 
was  stopped  and  the  targets  were  changed  and  moved  into  position. 
The  plumes  for  21 1  and  123  depositions  were  similar  in  size  and 
shape,  which  allowed  the  use  of  the  same  PLD  parameters.  Sub¬ 
strates  were  LaAl03  or  SrTi03  single  crystals.  The  123  layer  and  the 
21 1  ‘pseudo -layer’  thicknesses  were  estimated  by  calibrating  the 
deposition  rates  of  both  123  and  21 1  for  many  depositions.  These 
rates  and  the  total  sample  thickness  were  used  to  calculate  the 
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thicknesses  of  the  21 1  ‘pseudo -layer’  and  123  layer,  assuming 
continuous  coverage. 

The  formation  of  nanoparticles  on  the  surfaces  of  films  are  shown 
in  Fig.  I,  as  imaged  with  scanning  electron  microscopy  (SEM).  The 
nanoparticles  are  assumed  to  be  insulating  2 1 1  phase,  because  the 
contrast  seen  for  the  particles  is  probably  due  to  the  insulating 
properties  which  cause  charging  and  increased  secondary  electron 
emission.  The  nanoparticles  were  always  observed  on  the  film 
surfaces,  with  sizes  and  densities  varying  depending  on  21 1  depo¬ 
sition  parameters;  typical  particle  sizes  were  15  nm  and  particle 
densities  about  I-I.3  X  10^^  particles  cm~^,  equivalent  to  a  fluxon 
field  of  about  2-3  T,  as  shown  in  Fig.  I.  Nanoparticles  were  observed 
to  have  diameters  about  twice  as  large  on  the  surface  as  on  the  inside 
(as  imaged  with  transmission  electron  microscopy  (TEM)  cross- 
sections).  Assuming  similar  21 1  area  coverage  for  the  surface  and 
inside  layers,  the  21 1  densities  inside  the  film  are  conservatively 
estimated  as  about  four  times  higher,  or  ~(4-5)  X  10^^  particles 
cm~^.  The  actual  number  density  may  be  higher,  however,  if  the 
nanoparticle  heights  on  the  surface  layers  are  also  larger,  which 
would  increase  the  21 1  volume.  A  similar  calculation,  using  particle 
sizes  and  assuming  the  2 1 1  layer  achieves  full  coverage  based  on  the 
calibrated  deposition  rate,  indicates  that  the  2 1 1  densities  might  be 
as  high  as  (7-8)  X  10^^  particles  cm~^.  Therefore  an  initial  estimate 
of  the  nanoparticle  densities  is  >4  X  10^^  particles  cm~^. 

The  increase  of  nanoparticle  size  on  the  surface  also  suggests  the 
holding  time  at  temperatures  >700  °C  of  the  surface  layer  affects  the 
2 1 1  nucleation  density  and  particle  size,  presumably  by  mechanisms 
of  coalescence  and  ripening^^.  Note  that  particle  formation  was 
especially  enhanced  on  plateau  edges  and  corners,  which  are 
expected  to  be  energetically  more  favourable  for  coalescence  sites 

The  formation  of  21 1  nanoparticles  was  observed  with  cross- 
sectional  TEM,  as  shown  in  Eig.  2.  An  important  result  of  the  TEM 
studies  was  that  YBCO  maintains  a  coherent  structure  as  it  grows 
around  the  2 1 1  material.  The  uniform  layering  of  the  2 1 1  phase  can 
be  clearly  seen  in  Eig.  2a,  which  continued  up  to  the  surface  of  the 
~2-(jLm-thick  film.  The  particle  size  and  distribution  are  more 
clearly  discerned  in  the  bright-field  transmission  images  in  Eig.  2b 


Figure  1  Micrograph  of  a  YBCO  +  nanoparticle  film  showing  surface  nanoparticle 
formation.  The  image  is  from  a  (211  ^1,1  nm/123^i2.6nm)  x  25  multilayer  film. 
White-image  nanoparticles  have  average  particle  size  14.8  ±  0.7  nm  and  areal  number 
density  ~1 .1  x  1 0^^  particles  cm“^.  Note  that  formation  of  nanoparticles  occurred 
preferentially  on  the  edges  or  corners  of  1 23  ledges.  Imaging  was  done  with  an  SEM  with 
5  kV  through  a  lens  secondary  detector  in  high-resolution  mode,  and  imaging  depth  about 
3nm. 
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and  c  for  different  films.  However,  we  note  that  TEM  images  provide 
a  two-dimensional  representation  of  particles  embedded  through¬ 
out  the  three-dimensional  foil  volume,  and  so  the  three-dimen¬ 
sional  dispersion  of  particles  is  not  yet  precisely  known.  Similarly, 
the  measured  two-dimensional  areal  number  density  of  nano- 
particles  for  the  films  in  Figs  2  and  3  (—5-6  X  10^^  particles 
cm~^)  cannot  be  used  to  calculate  actual  three-dimensional  volu- 
mic  or  two-dimensional  areal  densities  without  knowing  the  precise 
foil  thickness.  For  films  in  this  study,  the  foil  thickness  was  not 
measured  at  this  time.  The  211  particles  are  cross-sections  of 
rectangular  shape,  surrounded  by  darker  areas  which  can  be 
considered  a  localized  stress  field  that  surrounds  the  particles^^. 


Figure  2  Transmission  electron  micrographs  of  YBCO  -h  nanoparticle  films,  showing 
repeat  layering  structure  and  nanoparticle  formations.  Images  are  cross-sections  of 
different  films:  a,  b,  (211^o.9nm/123^io.4nm)  x  200;  c,  (211  7 nm/1 23^6.6 nm)  x  35. 

a,  A  bright-field  image  (top)  and  a  corresponding  centred  aperture  dark-field  image 
(bottom).  The  dark-field  imaging  conditions  in  a  were  established  with  a  diffraction  vector 
from  the  particle  phase,  thereby  allowing  the  particle  distribution  to  show  up  clearly 
against  the  1 23  matrix  phase.  Nanoparticles  are  rectangular-shaped,  about  8  nm  in  width 
in  b,  and  10-20  nm  in  width  in  c.  Note  the  dislocation  line  in  a  and  stress  fields 
surrounding  the  21 1  defects,  and  especially  the  formation  of  columnar-type  defects  in 
b  and  c,  showing  vertically  stacked  211  connected  by  localized  stress  regions.  The 
>1 00-nm-high  vertically  aligned  defect  is  probably  a-axis-oriented  1 23,  which  was  only 
rarely  observed  in  the  multilayer  films.  The  TEM  for  microscopy  studies  was  a  Philips  CM- 
200  with  a  field-emission  gun  source. 


These  localized  stress  regions  increase  the  size  of  the  non-super- 
conducting  volume  surrounding  the  defect,  and  thereby  change  the 
pinning  properties. 

As  observed,  especially  in  Fig.  2c,  for  a  film  with  a  thinner  123 
layer  spacing  of  —6.5  nm,  the  localized  stress  region  can  extend 
between  the  nanoparticles  that  are  vertically  aligned,  creating 
pseudo-columnar  defects.  For  the  sample  in  Fig.  2c,  several  growth 
mechanisms  might  have  caused  the  more  enhanced  vertical  align¬ 
ment:  ( 1 )  the  holding  time  between  layers  was  achieved  by  manually 
changing  the  target  position  with  a  longer  average  holding  time  of 
about  80s,  compared  to  13s  achieved  with  automated  target 
changeover,  and  (2)  the  film  had  a  very  low  123  layer  thickness  of 
about  6.5  nm.  Vertical  alignment  of  nanoparticles  in  superlattice- 
type  structures  is  affected  by  both  the  layer  spacing  and  the  holding 
time^®,  with  a  longer  holding  time  presumably  enhancing  vertical 
alignment  by  allowing  the  island  particles  more  time  to  nucleate  on 
energetically  disturbed  sites.  So  it  is  not  unexpected  that  some 
amount  of  vertical  alignment  of  particles  was  observed  in  these 
films,  but  not  in  all  cases.  The  formation  of  columnar  defects  is  of 
interest,  as  columnar  defects  are  expected  to  have  greater  pinning 
strength  than  do  point  defects^’^. 

Selected  area  diffraction  patterns  confirmed  the  presence  of  two 
distinct  phases,  consistent  with  identification  as  123  and  211  with 
orthorhombic  structure  and  slightly  varying  lattice  parameters  or 
similar  phase.  The  selected  area  diffraction  peaks  were  shifted 
slightly  compared  to  reference  123  and  211  patterns,  suggesting 
the  phases  are  in  relative  states  of  stress  or  distorted  from  lattice 
strains  caused  by  the  lattice  parameter  mismatch.  The  123  phase  is 
highly  c-axis  oriented  in  the  superlattice  films^^  and  the  in-plane 
orientation  of  123  as  measured  by  Phi  scans  is  in  general  excellent 
with  a  full-width  half-maximum  (FWHM)  of  about  1.2°. 

The  effect  of  the  211  nanoparticle  addition  on  critical  current 
densities  is  shown  in  Fig.  3.  Transport  (Jet)  for  the  composite 
films  are  compared  to  123  films  fabricated  by  PLD  and  the  BaF2 
process^^’^^.  In  particular  for  applied  magnetic  field  greater  than 


Applied  magnetic  field  (T) 

Figure  3  Critical  current  density  as  a  function  of  applied  magnetic  field  for 
YBCO  -E  nanoparticle  films  compared  to  pure  YBCO  films.  123  films  (solid  lines)  were 
deposited  by  PLD  (filled  squares)^^  and  recent  sample  data  provided  by  Oak  Ridge 
National  Laboratory  of  123  on  Ce02-coated  Zr(~9%Y)02  substrates  (circles)  using  the 
BaF2  process^T  Multilayer  films  (dashed  lines)  were  measured  for  different  21 1  and  1 23 
parameters,  and  for  samples  from  the  same  deposition  run  (triangles  and  diamonds). 
Jet  values  were  measured  on  bridge-patterned  samples  by  a  four-probe  transport 
method  with  a  1  jiVcm”^  criterion;  bridge  dimensions  were  0.05-0.075  cm  wide  and 
0.3-0. 6  cm  in  length.  was  calculated  using  the  total  film  thickness  including  21 1  and 

1 23  layers.  The  film  thickness,  bridge  widths  and  dimensions  were  measured  several 
times  to  reduce  the  standard  errors  of  each  of  these  measurements  to  <5%. 
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0.3  T,  the  composite  films  had  a  flatter  dependence  on  applied  field, 
and  the  absolute  values  of  began  to  increase  with  respect  to  123 
films.  The  self-field  J^t  of  the  composite  films  were  increased  to 
above  4  MA  cm~^  from  initial  results  of  2-3  MA  cm~^  (ref.  21).  The 
increase  of  the  self- field  was  achieved  by  decreasing  the  211 
particle  deposition  time  and  hence  the  211  pseudo’  layer  thickness 
from  1-1.5  nm  to  0.5  nm.  A  decrease  of  21 1  pseudo-layer’  thickness 
from  1.0  nm  to  0.5  nm  increases  the  volume  percentage  of  the  123 
phase  and  presumably  reduces  the  intrinsic  stresses  of  the  211/123 
composites.  This  decrease  in  thickness  of  211  also  increased  the 
from  88.9  ±  0.2  K  to  90.2  ±  0.4  K  on  average  (for  a  layer  thickness 
of  ~11  nm  for  123).  These  factors  combined  potentially  enhance 
the  zero -field  □ 
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